The quadruplex structures of the human telomere sequences AG 3 (T 2 AG 3 ) 3 I and (T 2 AG 3 ) 4 II were investigated in the presence of Na + and K + ions, through the cross-linking of adenines and guanines by the cis-and trans-[Pt(NH 3 ) 2 (H 2 O) 2 ](NO 3 ) 2 complexes 1 and 2. The bases involved in chelation of the cis-and trans-Pt(NH 3 ) 2 moieties were identi®ed by chemical and 3¢-exonuclease digestions of the products isolated after denaturing gel electrophoresis. These are the four adenines of each sequence and four out of the 12 guanines. Two largely different structures have been reported for I: A from NMR data in Na + solution and B from X-ray data of a K + -containing crystal. Structure A alone agrees with our conclusions about the formation of the A1±G10, A13±G22, A1±A13 platinum chelates at the top of the quadruplex and A7±A19, G4±A19 and A7±G20 at the bottom, whether the Na + or K + ion is present. At variance with a recent proposal that structures A and B could be the major species in Na + and K + solutions, respectively, our results suggest that structure A exists predominantly in the presence of both ions. They also suggest that covalent platinum cross-linking of a human telomere sequence could be used to inhibit telomerase.
INTRODUCTION
Human telomere DNA, located at the ends of each chromosome, contains a double-stranded sequence formed of (TTAGGG/CCCTAA) repeats prolonged at the 3¢ extremity by a (T 2 AG 3 ) n single strand (1) . This strand is able to adopt, in vitro, folded quadruplex structures. Two of them have been described for AG 3 (T 2 AG 3 ) 3 I. One is the major form in Na + solution, A, as determined from NMR data (2) , and the other, B, was obtained from the X-ray structure of a K + -containing crystal (3) (Fig. 1 ). Both A and B result from the stacking of three G tetrads stabilized by`sandwiched' monovalent cations. They differ: (i) by the relative orientations of the DNA backbones of the four G 3 columns, either antiparallel for the opposing ones in A, or all parallel to each other in B; and (ii) by the positions and shapes of the three T 2 A connecting loops placing the four adenines at both ends of the quadruplex in A or all of them at one end in B. This introduces quite different distances between these adenines and between them and the guanines of the external tetrads.
We have shown previously that the cis-and transdiamminediaquaplatinum(II) complexes (1 and 2) are able to cross-link guanines which are brought close to each other within the quadruplex structure of the Tetrahymena (T 2 G 4 ) 4 sequence (4) . In this case, only the four guanines located in the loops were platinated. At variance with (T 2 G 4 ) 4 , the folded human sequence AG 3 (T 2 AG 3 ) 3 presents, from its NMR structure (2) , only four adenines N7 and/or N1 directly accessible to the platinum complexes. The N7-binding sites of all the guanines are masked by hydrogen bonding within the G tetrads. Compared with guanines, adenines are about 10 times less nucleophilic (5) but have two potential N1-and N7-binding sites which can participate in cross-linking. It was thus interesting to determine whether the di-functional platinum complexes 1 and 2 could cross-link the quadruplex structures of AG 3 (T 2 AG 3 ) 3 ef®ciently in Na + and K + solutions and give clues to their differences (6) .
From the biological point of view, cisplatin was shown to induce telomere loss in cells (7) and the inhibition of telomerase in human testicular cancer cells (8) . It forms 1,2-intrastrand adducts on double-stranded telomere sequences (9) , but no evidence for cross-linking of the quadruplex structures was looked for. Such a cross-linking might have a similar effect to those of compounds stabilizing the stacking of G tetrads, and inhibiting telomerase activity (10±14) with subsequent induction of tumor cell death (15, 16) .
We have studied the two telomere sequences AG 3 (T 2 AG 3 ) 3 I and (T 2 AG 3 ) 4 II both in the presence of Na + or K + . The choice of I and II was made to take into account any particular behavior of I which might result from the 5¢-terminal position of A1; in II, the latter is¯anked on its 5¢ side by a T 2 dinucleotide. The di-functional complexes cis-and trans-[Pt(NH 3 ) 2 (H 2 O) 2 ] 2+ gave several cross-linked products of I and II identi®ed by chemical and 3¢-exonuclease digestions coupled to gel electrophoresis analyses. Chelates and bischelates of the cis-and trans-Pt(NH 3 ) 2 moieties were formed between purines remote from each other in the sequence. Only structure A could account for the platinum chelates deduced from our data. They involve four adenines in the stem and loops of the quadruplex structure and four guanines which belong to the external G tetrads. There is no qualitative difference between the cross-linked products from I or II, in either Na + or K + solution. 4 in the presence of Na + or K + 5¢-End radiolabeled I and II mixed with 100 mM nonradiolabeled material were incubated with 300 mM platinum complex (1:3 molar ratio) in a total volume of 10 ml. This ratio was chosen because it gave optimal platination kinetics. A 10:1 excess of platinum gave the same cross-linked products. For mass spectrometry analysis, 300 mM non-radiolabeled oligonucleotides were reacted with 900 mM platinum complex in a ®nal volume of 16.5 ml. The reactions were run for 2 h at 25°C in 50 mM NaClO 4 The platinated oligonucleotides were separated by 20% polyacrylamide denaturing gel electrophoresis and located either by autoradiography when mixed with radiolabeled oligonucleotides or by UV-shadowing in the absence of labeling. They migrated differently according to their masses and charges.
MATERIALS AND METHODS

Materials
Mass spectrometry
The major platinated products were analyzed by matrixassisted laser desorption ionization (MALDI) mass spectrometry with a linear time of¯ight (TOF) analyzer matrix using 2, 4, 6 trihydroxyacetophenone.
Determination and quanti®cation of the platinumbinding sites by chemical probes
The gel migrations of the platinated oligonucleotides depend on the type of adducts. An increasing number of bound complexes slows down the migration, essentially because each of them brings an additional mono or dicationic charge. However, the migration is accelerated when the adducts are platinum chelates forming loops (4). After elution from the gel and ethanol precipitation, the material from each band was treated with DMS/piperidine (probe of guanine N7) or DEPC/ piperidine (probe of adenine N7) in Maxam±Gilbert sequencing conditions (4, 17) . The fragments from digestion of platinated I and II were deplatinated by 1 and 2 M NaCN, respectively, for 18 h at 37°C and precipitated to allow a comparative gel analysis with the fragments obtained from the same treatment of unplatinated I and II. In both cases, the various spots were quanti®ed using a Dynamic Molecular Phosphorimager with the Imagequant software for data processing. The percentage of inhibition of cleavage by DMS/piperidine (or DEPC/piperidine) observed for a guanine (Gi or adenine Ai) corresponds to the percentage of this guanine (or adenine) at position i which was platinated on the isolated oligonucleotide(s). This value is reported as the percentage of platinated guanine (or adenine) in Tables 1±3. These data indicated the following major platination sites: G4, G10, G20 and G22; A1, A7, A13 and A19. In parallel with chemical cleavage, we used 3¢-exonuclease digestion to obtain a complementary assignment of the platinated sites, including adenine N1.
Determination of the platinum-binding sites by 3¢-exonuclease digestion
This digestion is stopped by platinum mono-adducts and chelates (18) . The isolated platinated products were incubated in 10 mM Tris±HCl, pH 8.0 buffer, in the presence of 2 mM MgCl 2 and 0.5 mg/ml tRNA with the 3¢-exonuclease phosphodiesterase I from Crotalus adamanteus venom 0.23 U/ml (Worthington Biochemical Corporation) diluted 5, 10 or 30 times in a 5 ml total volume for 30 min at 37°C. The digested fragments were puri®ed on a 20% denaturing gel (see Figs 4 and 5) . Each of them was eluted from the gel, precipitated and deplatinated by 1 and 2 M NaCN for I and II, respectively, for 18 h at 37°C. After precipitation, the deplatinated fragments were migrated on 20% denaturing gel and their migrations were compared with those of the fragments obtained by partial digestion of the starting oligonucleotide (nuclease diluted 30 times).
For some adducts, the 3¢-exonuclease arrest occurs at the adjacent purine on the 3¢-side (i + 1) of the platinated purine. The chemical digestion unambiguously identi®es the actual platinated base.
In the case of platinum chelates which cross-link two remote purines, the 3¢-exonuclease stops at the ®rst platinated base encountered, i.e. the 3¢-base of the chelate (3¢-stop). However, it can bypass this nucleotide, with increasing enzyme concentration, and stop at the 5¢-base of the chelate (5¢-stop). The 3¢-stop preserves the platinated loop, which leads to a faster migration of the digestion product than that of the corresponding unplatinated fragment. The 5¢-stop, after digestion of the loop between the 3¢-and 5¢-nucleotides initially chelating the Pt(NH 3 ) 2 moiety, leaves a 3¢-end platinated fragment. This end binding is through the former 5¢-base of the chelate, the former 3¢-base being the second purine ligand. Such a linear platinated fragment migrates more slowly than the corresponding unplatinated oligonucleotide (4). Therefore, it is possible to identify the 5¢-and 3¢-bases of a platinum chelate when the analyzed fragment is monoplatinated. The identi®cation is not straightforward when a second adduct is present on the fragment, either as a monocoordinated complex or as a second platinum chelate. The uncertainty can be removed by comparing the chelating potential of the identi®ed binding sites with their distances measured on structures A and B, respectively, reported for I from NMR and X-ray data (Table 4) .
To exemplify the method used to analyze the adducts from the platination reactions, the case of the products from the reaction between 2 and II, migrating in band 2.4 of Figure 3 , is presented in detail. Thirty percent of G22 and G20 were found to be platinated according to their reactivity to DMS, indicating that 30% of the chelates of 2.4 involved G22 or G20. None of the adenines were found to be platinated according to their reactivity to DEPC. It showed that they were either platinated on their N1 or on their N7 position, but to a lower extent than the 15% value which corresponds to the limit of our determinations. Enzymatic digestion was used to determine: (i) the positions of all the platination sites; and (ii) the nucleotides actually chelating the trans-Pt(NH 3 ) 2 moiety. (i) The arrests of the 3¢-exonucleases gave several fragments still bearing a platinum complex. After cyanide treatment, the migrations of the deplatinated fragments were compared with those of the reference fragments from partial digestion of II. The data allowed the identi®cation of G22, G20, A19, A13, A7 and A1 as the platinated purines in the progression order of the 3¢-nuclease (see Fig. 5 and Table 3 ). (ii) The 5¢-and 3¢-nucleotides of the chelates were identi®ed thanks to the opposite effects of a platinum monoadduct and a platinum chelate on the gel migration of the digestion fragments, as discussed above. In the case of band 2.4, the fragments resulting from exonuclease arrest at G22 (no digestion at all), G20, A19 and A13 migrated like 23, 21, 20 and 14mers respectively, compared with the 24, 22, 21 and 15mer migrations of the unplatinated oligonucleotides. [It should be remembered that (T 2 AG 3 ) 4 is a 24mer, but that the last nucleotide is denoted G22 because we adopted the AG 3 (T 2 AG 3 ) 3 numbering for the sake of comparison ( Fig. 1) ]. These data indicated that G22, G20, A19 and A13 were the 3¢-nucleotides of trans-Pt(NH 3 ) 2 chelates. Other digestions stopped at A13, A7 and A1, giving fragments migrating like 17, 13 and 10mers, respectively, instead of 15, 9 and 3mers for the corresponding unplatinated fragments. This a See text for step-by-step analysis. b II is a 24mer but for the sake of comparison we have adopted the same base numbering as that of the 22mer I (Fig. 1) . However, the size of the fragments is the actual one. c DEPC/piperidine treatment does not detect A±N1 binding. The lower limit of reliable quanti®cation by gel analysis is 15%. d For some adducts, the 3¢-exonuclease digestion exhibits a 1 nt premature arrest. This is easily detected thanks to the assignment of the platination sites by chemical digestion. e The two values result from the non-identity of the migration scales of the free and platinated fragments. indicated that there was no more chelate present on these fragments and that the exonuclease had bypassed the 3¢-purine of the former chelate and stopped at its 5¢-purine. The whole set of data for the digestion of the products of band 2.4 collected in Table 3 led to the conclusion that G22, G20 and A19 were the 3¢-bases and A7 and A1 were the 5¢-bases of trans-Pt(NH 3 ) 2 chelates. A13 played both roles in two different products. The analysis of the other adducts was conducted in a similar fashion and is summarized in Tables 1±3.
Determination, on structures A and B, of the distances between the purine nitrogens which appear as potential chelating sites from the digestion data
The N±N distances in A Ê ngstroms were measured: (i) on the six relaxation matrix-re®ned structures A reported from the NMR study of I (2) available from the Brookhaven Data Base (143D.pdb); for each distance, the interval between the extreme values is given in Table 4 ; and (ii) on the X-ray crystal structure B recently reported (3) available from the Brookhaven Data Base (1KF1.pdb). When an adenine is considered, the two distances involving N1 and N7 are given, even if the experimental data do not always allow the assignment of the actual coordinated nitrogen.
RESULTS
Assignment of the platinum-binding sites
The two telomere sequences AG 3 (T 2 AG 3 ) 3 I and (T 2 AG 3 ) 4 II were reacted with cis-and trans-diamminediaquaplatinum(II) 1 and 2, in a 1:3 ratio, in the presence of 50 mM Na + or K + . The platinated products were separated on denaturing gel electrophoresis: bands 1.1 and 1.2 from reactions of 1, and bands 2.1 to 2.4 from those of 2 as shown in Figures 2 and 3 . The gel pro®les of the reaction mixtures from 1 and 2 were similar for the two cations. Figures 2 and 3 present the data in Na + and K + solutions, respectively, for 1 and 2, whereas Figures S1 and S2 (in the Supplementary Material) present the K + and Na + data for the same complexes.
Mass spectrometry (MALDI-TOF) indicated that products from 1.2 and 2.4 bore one platinum adduct. This, together with the faster gel migration of 1.2 and 2.4 compared with that of the non-platinated oligonucleotide, led to the conclusion that these products contained one platinum per oligonucleotide chelated by two remote purines in the sequence. A platinum chelate between adjacent purines or a mono-adduct bound to only one purine should have retarded the migration (4). The faster gel migration of the products from 1.1 and 2.1±2.3 compared with that of the products from 1.2 and 2.4 suggested a See text for step-by-step analysis. b DEPC/piperidine treatment does not detect A±N1 binding. The lower limit of reliable quanti®cation by gel analysis is 15%. c For some adducts, the 3¢-exonuclease exhibits a 1 nt premature arrest. This is easily detected thanks to the assignment of the platination sites by chemical digestion. d The two values result from the non-identity of the migration scales of the free and platinated fragments. e The two fragments result from the same A13 digestion stop. See text. f Because of the presence of another platinum chelate at the 5¢ side of this base, its position in the chelate cannot be deduced from the migration length of the digested platinated fragment. This was done thanks to the measured distances between the purine nitrogens in structure A, indicating the geometrically feasible chelates (Table 4) . g The same bis-chelate is present in the products from 2.2 and 2.3. The latter carries a supplementary platinum complex whose binding site has not been identi®ed. h Mass spectrometry data indicate one platinum per oligonucleotide.
that the former contained two chelates, as already found in the case of (T 2 G 4 ) 4 (4). Bis-cross-linking results in accelerated migrations despite the addition of a cationic charge. The assignments of the platinated sites were based on the data from the DMS/piperidine treatment which identi®es the N7-platinated guanines and from DEPC/piperidine treatment which identi®es the N7-platinated adenines; N1-bound adenines are not detected. 3¢-Exonuclease digestions also allowed the identi®cation of the platinated bases thanks to enzyme arrest at their 3¢-side. The use of increasing enzyme concentrations permitted the assignment of the 5¢-and 3¢-bases of a chelate thanks to the typically different gel migrations of the digested fragments. In the case of an oligonucleotide bearing a single platinum chelate, it was therefore possible to identify it unambiguously. In the case of a mixture of mono-platinated oligonucleotides or of multiplatinated oligonucleotides, the identi®cation of the platinated bases had to be completed by an evaluation of their geometrical aptitude to be involved in platinum chelation. This was done from the measure of the distances between their nitrogen ligands on both the NMR (2) and X-ray structures (3) A and B reported for I (Table 4) .
To appreciate the relevance of the N±N distance to the chelating ability of these two atoms, we referred to four examples known in the DNA series: the 2.75 A Ê value between the two G N7 of a cis-Pt(NH 3 ) 2 interstrand cross-link (19), the 4.1 A Ê value between the G N7 and C N3 of a trans-Pt(NH 3 ) 2 interstrand cross-link (20) and the 3.3 and 4.5 A Ê values calculated for the pentacoordinated intermediates of a G N7 coordination to the platinum atom present in cis-and trans-[Pt(NH 3 ) 2 (G N7 )(H 2 O)] mono-adducts, respectively (4). None of these distances exceeds 5 A Ê . Their comparison with those calculated for structures A and B (Table 4) shows that no platinum chelate involving the identi®ed purine ligands can be formed on structure B.
The whole set of data supporting the identi®cation of the various chelates formed is presented in Tables 1±3.
Platination of AG 3 (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 by cisdiamminediaquaplatinum(II)
After 2 h of reaction with 1, the amounts of conversion of I and II as a function of the monovalent cation were 60 and 20%, respectively, in the presence of K + , and 60% for both in the presence of Na + . The bis-chelate of bands 1.1 and the chelates a See text for step-by-step analysis. b II is a 24mer but for the sake of comparison we have adopted the same base numbering as that of the 22mer I. However, the size of the fragments is the actual one. c DEPC/piperidine treatment does not detect A±N1 binding. The lower limit of reliable quanti®cation by gel analysis is 15%. d For some adducts, the 3¢-exonuclease exhibits a one nucleotide premature arrest. This is easily detected thanks to the assignment of the platination sites by chemical digestion. e The two values result from the non-identity of the migration scales of the free and platinated fragments. f Because of the presence of another platinum chelate at the 5¢ side of this base, its position in the chelate cannot be deduced from the migration length of the digested platinated fragment. This was done thanks to the measured distances between the purine nitrogens in structure A indicating the geometrically feasible chelates (Table 4) (Fig. 2) . The analysis of the platination sites identi®ed A1, G10, A13 and G22, with G10 and G22 being the 3¢-bases of the chelates ( Table 1) . As G10 was never found as the 5¢-base of any chelate, the G10±A13 and G10±G22 crosslinks could be excluded. In both cases, the nitrogen distances on structure A would have exceeded 11 A Ê . Similarly, A13 was never identi®ed as the 3¢-base of any chelate, eliminating the A1±A13 cross-link (N±N distances 3±11.5 A Ê ). Table 4 indicates that, for structure A, only the A1±G10 and A13±G22 chelates are geometrically possible. For structure B, none of the identi®ed platinated sites are closer than 12.6 A Ê to each other, which excludes any chelation possibility on this structure. These data support the formation of two cisPt(NH 3 ) 2 chelates at A1 N1 ±G10 and A13 N1/N7 ±G22 present in band 1.2, and the formation of one bis-chelate A1±G10/ A13±G22 found in band 1.1.
Platination of AG 3 (T 2 AG 3 ) 3 and (T 2 AG 3 ) 4 by transdiamminediaquaplatinum(II)
After 15 h of reaction with 2, the amounts of conversion of I and II were 70 and 45%, respectively, in the presence of either K + or Na + . Compared with 1, the trans isomer 2 gave more platinum chelates migrating faster than the starting oligonucleotide on the gel (2.1 to 2.4). They accounted for 65% of the converted material for both I and II (Fig. 3) . The analysis of the mixture of chelates of band 2.4 from the reaction of 2 with II has been described in Materials and Methods (Figs 4 and 5, and Table 3 ). For the products from the reactions of 2 with both I and II, the same procedure identi®ed the following platination sites: A1, G4 (for I), A7, A13, A19, G20 (for II) and G22. Among these, G4, A7 and A13 were identi®ed as 5¢-bases and A13, A19, G20 and G22 as 3¢-bases of the chelates. Table 4 indicates that only the ®ve chelates A1 N7 ±A13 N7 , A13 N1/N7 ±G22 and A7 N1/N7 ±A19 N1 , together with G4±A19 N1 for I and A7 N1 ±G20 for II, are compatible with structure A. Figure 2 , e.g. 2.1. The products contained in the bands marked by an asterisk were found to be unstable in the digestion conditions and could not be analyzed further.
The analysis of the digestion data from the products of bands 2.1±2.3 (Figs 4 and 5, and Tables 2 and 3) concluded that several bis-chelates were formed. It revealed G10 as the only additional platination site compared with those of the adducts with a single chelate. The corresponding chelate A1 N1 ±G10 can be formed from structure A (Table 4) .
For the products of bands 2.1 (I) and 2.2 (II), the digestions data and the N±N distances (Figs 4 and 5 and Tables 2±4) suggested that I and II gave three bis-cross-linked compounds, with the same A7±A19 chelate at the bottom of structure A and three different ones at the top: A1±A13, A1±G10 and A13±G22.
For the products from bands 2.2 (I) and 2.1 (II), the same analysis indicated that both oligonucleotides gave only one bis-chelate A1±G10/A13±G22 at the top of A.
For the products from band 2.3, the data suggested that for I and II the bis-chelate A1±G10/A13±G22 was formed, together with several mono-adducts which could not be identi®ed.
As for the platination products formed with 1, Table 4 shows that structure B cannot account for any of the chelates of the trans-Pt(NH 3 ) 2 moiety, compatible with the identi®ed platinated sites from the reaction with 2.
DISCUSSION
We have shown that the difunctional platinum complexes cisand trans-[Pt(NH 3 ) 2 (H 2 O) 2 ] 2+ 1 and 2 can be used to crosslink the quadruplex structures adopted by the oligonucleotides AG 3 (T 2 AG 3 ) 3 I and (T 2 AG 3 ) 4 II in Na + and K + solutions. The characterized cross-linked adducts accounted for 40 and 65% of converted I and II after reaction with 1 or 2. We had already used this method successfully with (T 2 G 4 ) 4 (4) .
The identi®cation of the platinated purines was based on DMS/piperidine detection of platinated G N7 and DEPC/ piperidine detection of platinated A N7 , both completed by the analysis of the 3¢-exonuclease-digested platinated fragments. This allowed the unambiguous characterization of any single platinum chelate formed on an oligonucleotide. When a mixture of single platinum chelates from the same oligonucleotide was analyzed, or when two chelates were present on the same oligonucleotide, the purine ligands were assigned thanks to the distances between their potentially chelating nitrogens measured on the two structures A (2) and B (3). For the nucleic bases chelating the cis-or trans-Pt(NH 3 ) 2 moieties within intra-or interstrand cross-links, no N±N distance longer than 5 A Ê has been reported (4, 19, 20) . On structure B, none of the potentially chelating nitrogens are closer than 12.6 A Ê , excluding cross-linking by 1 or 2.
In the presence of Na + or K + , the same platinum chelates were formed from both I and II (Fig. 6 ) at the top of structure A for the cis-isomer 1 and at the top and bottom for the transisomer 2: (i) at the top, the three chelates characterized were A1±A13, A1±G10 and A13±G22 involving two adenines or one adenine and one guanine from the external top G tetrad (G10 or G22); (ii) at the bottom, the three platinum chelates characterized were A7±A19, G4±A19 or A7±G20 involving two adenines or one adenine and one guanine from the external bottom G tetrad (G4 or G20).
It is noteworthy that several platinum chelates involve both adenines and guanines (Fig. 6) . Whereas the former have The numbered purines correspond to the digestion arrests. They were determined from the migration of the corresponding fragments after deplatination by NaCN. The digestion of II gives the reference scale for the migration of the platinated digested fragments. For the sake of comparison, we have adopted the same base numbering for the 22mer I and the 24mer II (Fig. 1) accessible N1 and/or N7 atoms in the stem and loops of the quadruplex (Fig. 1) , the guanines of the external G tetrads have their N7 site engaged in hydrogen bonding to a neighboring G 6NH2 . In (T 2 G 4 ) 4 , we had found that only the guanines not included in the tetrads were cross-linked (4). For I and II, the results suggest that the ®rst platination occurs on an adenine and is followed by a chelation step involving a close adenine or a more nucleophilic guanine from the adjacent tetrad, provided that its hydrogen bonding is suf®-ciently disrupted. It is also to be noted that both 1 and 2 gave the same A1±G10 and A13±G22 chelates on I and II (Fig. 6a) , revealing a suf®cient conformational mobility at the top of the quadruplex structure to accommodate the different geometrical constraints of the two isomers. These depend on the 30°d ifference for the angle between the two N7±Pt bonds present in the pentacoordinated intermediate of the chelation step (4). Structure 2 gives more single chelates than 1, as already found for (T 2 G 4 ) 4 (4). This could re¯ect both the slower platination by 2 (21) and a slower chelation step (22, 23) on the aqua trans-monoadduct compared with the cis, favoring the spanning of more potential binding sites.
That the cross-linking reactions actually occurred on folded structures of I and II is supported (i) by the remote positions of the bridged purines in the oligonucleotide sequence; (ii) by the fact that the NMR structure A proposed for I (2) accounts for all the platinum chelates compatible with the identi®ed platinated sites; and (iii) by the fact that for a structure even partially unfolded before or after the ®rst platination step, the presence of a single-stranded fragment would have led preferentially to the platination of more than four out of the 12 guanines, which would become more nucleophilic than the adenines once out of the tetrads. In the presence of the platinum excess, they would have given with a high preference 1,2-GG-cis-Pt(NH 3 ) 2 chelates with 1 and 1,3-GNG-transPt(NH 3 ) 2 chelates with 2, as well documented in the literature (5) . Such adducts would have exhibited retarded migration on gel electrophoresis (24, 25) .
The fact that the two complexes 1 or 2 reacting with I and II gave the same cross-linked adducts shows ®rst that the two thymines at the 5¢ end of II do not largely perturb the access to and the type of structure at the top of the quadruplex. Secondly, the fact that the same cross-links were formed either in Na + or K + solution suggests that the two oligonucleotides adopt a similar type of folded structure in the presence of the two ions. Previous work with (T 2 AG 3 ) 4 had concluded that there was a major antiparallel quadruplex structure in both Na + and K + solutions, from CD data; KMnO 4 probing experiments indicated thymine stacking (T6 and T18 with our numbering Fig. 1 ) and interloop interactions at the bottom of the structure in the presence of Na + but not K + (26) . Such a difference does not change the antiparallel type of folding. Examination of structure A (2) does not suggest that a T6±T18 stacking should impede A7 platination. Whereas structure A, calculated from NMR data in solution, accounts for all the platinum cross-links determined in this work, none of them is compatible with the N±N distances measured on structure B deduced from X-ray diffraction data on a K + -binding crystal.
Our results show that complexes 1 and 2 have cross-linked ef®ciently with a 40±65% yield, the adenines and guanines suf®ciently close to each other on the quadruplex structure of type A, adopted by I and II in both Na + and K + solutions. This suggests that structure A is the major one in the presence of the two cations and does not agree with the proposal that crystal structure B might be the major form in K + solution.
Finally, cross-linking of the purines of the quadruplex structure A of I and II by 1 or 2 suggests that it should prevent structured single-stranded telomere sequences from unfolding and might inhibit telomerase activity. The cross mimics the four bonds of the square planar complex. Both I and II gave the same cross-links. Only structure A is used because structure B (Fig. 1) cannot account for any of the chelates compatible with the sites actually platinated (see text). Only bis-chelates are represented in order to limit the number of ®gures. They include the cross-links of the single chelates. It is noteworthy that the latter are the major products formed with 2 (bands 2.4, Fig. 3 ). (a) The A1±G10 and A13±G22 chelates of cis-Pt(NH 3 ) 2 were found as single chelates in band 1.2 and as a bis-chelate in band 1.1 (Fig. 2) . The same cross-link was also formed by 2 on II (band 2.1, Fig. 3 ). (b±d) The three bis-chelates formed upon reaction of 2 with I have the same A7±A19 cross-link at the bottom of the quadruplex structure and different chelates at the top: respectively A1±A13, A1±G10 and A13±G22 (band 2.2, Fig. 3 ).
